ABSTRACT Door-opening is a critical problem for robots used for rescue purposes in nuclear power plants (NPPs). A force and torque (F/T) sensor is not used in the rescue task for door-opening in the NPPs environment. It is, therefore, necessary to study the dynamic model of door-opening. The NPPs door and a door handle dynamic model are significant to the mechanical design, simulation, and dynamic feed-forward control of an NPP robot. To obtain the accurate force data of door-opening, a method based on a gravity compensation algorithm combined with a transformation of the contact force of the end effector is proposed. This paper analyzes the structural features and dynamics model of a fire door and a door handle. Methods for identifying the model parameters are also developed by combining a Nelder-Mead simplex search with the least-squares algorithm. The extensive door-opening experiments were carried out in this paper, and the results validate the fidelity of the derived dynamic models of the door and the door handle.
I. INTRODUCTION
In the DARPA robotics challenge (DRC), the problem of door-opening is a fundamental aspect of a rescue mobile robot used in a nuclear power plant [1] , [2] . The problem of door opening is fundamental for mobile robotic rescue applications. The use of force sensors is unsuitable in a radioactive, high-temperature environment, and it is therefore necessary to predict the model of the dynamics of the dooropening task in a nuclear power plant environment, which is of significant importance to the dynamics simulation and control of the mobile manipulator during a door-opening task.
In previous studies, several methods for a dooropening task using a mobile robot have been proposed.
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Nagatani et al. [3] proposed a method for opening a door and passing through a doorway using a mobile manipulator called a ''YAMABICO-10'' robot. Peterson et al. [4] presented the design and implementation of a door-opening controller using a hybrid dynamic system model, and the radius and center of rotation of the door were estimated online using this simple controller. Chung et al. [5] proposed a force and position control strategy, which was successfully carried out through the contact force of a three-fingered robotic hand during the door-opening process. Ahmad and Liu [6] and Ahmad et al. [7] proposed a new method that utilizes the multiple working modes of the MRR modules to prevent the occurrence of large internal forces that arise because of positioning errors or an imprecise modeling of the robot or its environment during a door-opening operation. Zhang et al. [8] presented the active and passive mode control system of a two DOF compact wrist. The algorithm verified whether the wrist could move freely without generating an excessive internal force during door-opening experiments. Kobayashi et al. [9] designed a rescue robot series called UMRS. Each robot was equipped with a special end effector that can grip and rotate cylindrical and lever type handles, and a robot with a door opening system has the ability to move around freely even if there are doors dividing the rooms. Klingbeil et al. [10] proposed a method for using vision to identify the axis of rotation and the location of the end-point of a door handle to open various types of doors without prior knowledge of the door parameters. Karayiannidis et al. [11] developed an algorithm that can be implemented on a velocity-controlled manipulator with force sensing capabilities at the end-effector. The method consists of a velocity controller that uses force measurements to estimate the radial direction based on adaptive estimates of the position of the door hinge. Endres et al. [12] presented an approach to learning a dynamic model of a door from sensor observations and utilize it for effectively swinging the door open to a desired angle. The learned model enables the realization of dynamic door-opening strategies and reduces the complexity of a door opening task. As proposed in [13] and [14] , Jain and Kemp used a custom motion/force capture system and captured the force while operating different doors and drawers in human environments. They presented a data-driven object-centric method to inform robots regarding the forces of the different door opening tasks in human environments. Current studies on robotic door opening have focused on the following aspects: control algorithm, motion planning approaches, and estimating the kinematic structure. Research on dynamic modeling and parameter identification methods for fire doors has yet to be conducted. It is therefore an important issue to simulate a door-opening and torque control without an F/T sensor.
In this study, a force measurement strategy based on the gravity compensation algorithm of force sensor during the open door process is proposed. The dynamic model of door and door handle is established, and a parameter identification method based on the Nelder-Mead simplex search with the least-squares is proposed. The accuracy of the model and identification method is verified by experiments.
The remainder of this paper is organized as follows. Section II presents the force-calculating algorithm of a dooropening. In Section III, we propose the standard dynamic model of a handle and door. Parameter identification methods for such models are further provided. The path planning of a handle and door are provided in Section IV. Finally, validation experiments are presented in Section V, and some concluding remarks are given in Section VI.
II. MEASURING FORCE ALGORITHM OF DOOR-OPENING
In this section, a gravity compensation algorithm of the end effector and a coordinate transformation of the contact force between the end-effector and the door handle during a door-opening task are introduced. Fig. 1 shows that the origin of the reference frame {O d } is set at the intersection point of the door hinge, the origin of the reference frame {O k } is set at the center point of the door handle axis, and the horizontal plane that crosses the origin of the reference frame of the mobile manipulator {O b } and the reference frame {O e } is placed at the position of the manipulator end-effector used to grasp the door handle. The reference frame {O s } is placed at the center of the six-axis F/T sensor of the wrist. In Fig. 1 , the coordinate directions of {O e } and { O s } are the same, as are the coordinate directions of {O d }, {O k }, and {O b }. In addition, G e is the gravity of the end-effector.
A. GRAVITY COMPENSATION ALGORITHM OF SIX-AXIS F/T SENSOR
Here, F S is the measured force of the six-axis F/T sensor at the wrist of the manipulator (Fig. 1) .
where G T is the gravity of the end-effector, F I denotes the inertia force, F V is the force caused by the joint speed, and F E indicates the contact force of the end-effector. In an actual measurement of the sensor, the manipulator movement is sufficiently low, and thus F V and F I can be ignored. Eq. (1) can be described as follows:
The frame of the six-axis F/T sensor is shown in Fig. 2 . The frame {O T } is placed at the gravity center of the end-effector.
The load end gravity and torque of the coordinate system {T} are mapped to the coordinate system {S}, generated by the expressed load end of the sensor compensate force F sc VOLUME 7, 2019 FIGURE 2. Reference frame of the six-axis F/T sensor.
and torque τ SC computational formula:
where T P S 3×3 denotes the operator matrix, and can be expressed as follows:
where (p x , p y, p z ) is the location of the gravity center of the end-effector. The rotation transformation matrix of the coordinate system {T} with respect to the coordinate system {S} is recorded as S R T . In (1), the contact force of the end-effector F E can be described as follows:
where E R S is the transformation matrix from coordinate system {S} to coordinate system {E}.
B. COORDINATE TRANSFORMATION OF THE DOOR AND DOOR HANDLE CONTACT FORCE
The forces, which are the contact force between the door handle and end-effector, can be obtained through a transformation of F E in (5) in coordinate systems { O k } and {O d }, and are as follows: During the rotation door handle, the contact force between the end-effector and door handle in coordinate system { O k } can be defined as the following:
where R E is the transition matrix from coordinate system {O e } to coordinate system {O b }, and R k is the transition matrix from the coordinate system {O k } to coordinate system {O b }.
During the pulling of the door, the contact force between the end-effector and door handle in the coordinate system {O d } can be defined as follows: where R d is the transition matrix from the coordinate system {O d } to coordinate system {O b }.
III. DYNAMIC MODEL AND PARAMETER IDENTIFICATION METHOD A. DYNAMIC MODEL OF THE DOOR HANDLE
To obtain the torque of the door handle during the rotation process, the dynamic model of the door handle is as shown in Fig. 3 . The frame {O k } represents the rotation center of the door handle, point L is the point where the end-effector grasps the door handle at the initial time, and point L is the point where the end-effector grasps the door handle at any time during the rotating process. In addition, d k is the distance between points L and L , r k is the radius of the rotating door handle, θ k is the rotating angle of the door handle, k k and c k are the equivalent stiffness and damping coefficients of the door handle, and F k and F k are the forces of the rotating door handle, the direction of which is always perpendicular to the door handle on the xz plane. In general, the dynamic model of a door handle is equivalent to the torsion spring model [19] , and the dynamic model is as shown in (8):
where τ k denotes the torque, k k (Nm/rad) denotes the equivalent stiffness coefficient, and C k denotes the damping coefficient, all for the door handle. In addition, the moment of inertia of the door handle is I k , and θ k is the angle of the door handle. Because I k and C k of the door handle are small, I k and c k can be approximately zero in (8) . Thus, (8) can also be expressed as (9) .
B. DYNAMIC MODEL OF THE DOOR
The doors of the NPPs are usually closed and have a door closer. The door closer, which is fixed at the top of the door, controls the behavior of the swinging doors, and consists of a four-link mechanism [15] . The top view of the dynamic model of the door is shown in Fig. 4 . The four-link mechanism model of the door closer is described as ABCD in Fig. 4 . Point A represents the door hinge, point B is the point where the door closer is equipped on the doorframe, point C is the dynamic connection point, and point D is the center of the rotating axis of the door closer. In addition, l is the distance between points A and B, l 1 is the distance between points B and C, l 2 is the distance between points C and D, and l 3 is the distance between points A and D. Moreover, I A is the moment of inertia of the door around its hinge (namely, point A), ω denotes the angular velocity when the door is opening, d d is the distance relative to the initial position of the door during the opening process, r d is the rotating radius when opening the door, F d and F d are the forces of pulling the door, θ d is the opening angle, θ s is the angle between link CD and link AD, θ z is the angle between link AB and link AD, and θ z and θ s are expressed through the following equation:
where θ z0 denotes the initial value of θ z when θ d is zero degrees in (11) , and l, l 1 ,l 2 , and l 3 , are the lengths of the four-link mechanism ABCD, where
.
Based on the virtual work principle, the relationship between the torque exerted on the door τ door and the torque exerted on the closer τ s can be expressed through the following equation:
The stiffness and damping coefficients of the door closer directly affect the angular displacement θ s and angular velocityθ s , where i (θ d ) corresponds to a damping coefficient expressed by i (θ d ) = dθ s /dθ d . We then obtain the following:
In general, we consider the torsion spring stiffness coefficient k dc of the door closer to be constant. Then, the restoring moment τ s of the door closer can be expressed by k dc as follows:
where θ s0 = f (0), and τ s0 is the initial restore torque of the door closer when θ s = θ s0 . Substituting (11) and (14) into (13), we obtain the following:
where τ s0 = τ s0 − k dc θ s0 . Then, the damping torque τ c can be expressed as follows:
where the damping coefficient of the door closer is b dc . Substituting τ c into (13), we obtain the following:
By combining τ k door and τ c door with the inertial torque of the door, we obtain the dynamic equation of the door:
Friction is not considered in the dynamic models of door and door handle. The friction of door and door closer is mainly caused by the hinges of door and door closer. These hinges usually revolve around a smooth shaft, so the friction is negligible.
C. PARAMETER IDENTIFICATION METHOD
The unknown parameter of k k , which is the equivalent stiffness coefficient of the door handle in (9), needs to be identified. Equation (18) shows three unknown parameters that need to be identified. The parameters are respectively the stiffness coefficient k dc , the initial torque τ s0 , and the damping coefficient b dc of the door closer. The parameter identification methods of the door handle torque model, i.e., (9) , and the door torque model, i.e., (18) , are investigated as examples.
We define the 2-norm as follows:
The parameter identification process is carried out to find the optimal values of x to minimize the 2-norm of the vector of the prediction errors: F(x, xdata) − ydata [16] .
For the torque model, identifying the parameters through a single experiment is difficult. Instead, the parameters can be identified by dividing them into two groups: one group identifies the static parameters, and the other group identifies the dynamic parameters. The parameters k k , τ s0 , and k dc can be identified using data from the static experiments. The manipulator twists the door handle and pulls the door at a fixed position of the planned trajectory to maintain a static state, and then samples the data on the normal force and distance. The parameters k k , τ s0 , and k dc can be obtained by finding the optimal values to satisfy the following equation:
where t i is the i th sampling time and n is the overall sampling time.
The parameter b dc can only be identified using the dynamic process of door-opening. The following steps have to be completed to search the optimal values of parameter b dc :
1) The end effector grasps the door handle while moving along the planned door trajectory at a different contact velocity.
2) During the door-opening process, the force is measured by a six F/T sensor, and τ door (t i ) which is the torque of door is calculated.
3) Parameter b dc can be identified by searching the optimal values to satisfy Eq. (22). The values of parameters of k dc and τ s0 are obtained using data from Eq. (21).
4) The fminsearch() function in Matlab is used to realize the parameter identification with Eq. (22).
where t i is the ith sampling time and n is the overall sampling time.
IV. PATH PLANNING OF DOOR-OPENING
To conduct a parameter identification experiment of the door and handle dynamic model, we focused on the path planning of the door-opening and turning of the door handle to ensure that the mobile manipulator can complete the task. In previous studies, we accomplished a searching/reaching task for a door [17] . 
A. PATH PLANNING OF DOOR HANDLE TURNING
To plan the path of a mobile manipulator, we first need to know the accurate value of the door handle radius (r k ), the initial base position of the mobile manipulator (x b ,y b ,z b ), and the position of the end-effector firmly holding the door handle (x e , y e , z e ). The door handle motion is conformed to follow the door handle trajectory in the xz plane with the center of rotation at (x k , y k ) and radius r k , as shown in Fig. 5 . The rotating trajectory radius of door handle is derived as follows:
The door handle trajectory can be acquired through an interpolation using points P 1 k , P 2 k , · · · , P n k . In Fig. 5 , θ m k denotes the rotation angle of the door handle when reaching points P 1 k , P 2 k , · · · , P n k , and the coordinate position of P 1 k (x 1 , z 1 ) in the xz plane. Above all, the points can be calculated through the following equation:
where θ handle denotes the rotation angle of the door handle, which is 45 • when unlocked. Following the above path planning, the end-effector trajectory of the door handle turning process is shown in Fig. 6 (a) . The coordinate axis of Fig. 6 (a) shows the position of the endeffector frame {O e } (Fig. 1) relative to the base frame {O b } (Fig. 1 ) when turning the door handle. Fig. 6 (b) shows the joint angle of the manipulator during the turning of the door handle. The kinematics of the manipulator were calculated based on [18] .
B. PATH PLANNING OF PULLING DOOR
To plan the path of the mobile manipulator, we first need to know the accurate value of the door radius (r d ), the initial base position of the mobile manipulator (x b , y b , z b ), and the position of the end-effector firmly holding the door (x e , y e , z e ). The door motion is conformed to follow the door handle in the xy plane with the center of rotation at (x d ,y d ) and radius r d , as shown in Fig. 7 . The end-effector grasps the door handle firmly, and the door handle is unlocked during the doorpulling process. The rotating trajectory radius of the door is derived as follows:
The mobile manipulator achieves a pulling of the door by tracking the arc represented by the door trajectory, as shown in Fig. 7 . The arc of the door trajectory can be acquired through an interpolation using points Fig. 8, θ 
where θ door denotes the rotation angle of the door, which is 60 • . Following the above path planning, the end-effector trajectory of the door opening process is as shown in Fig. 8 (a) . The coordinate axis of Fig. 8 (a) shows the position of the end-effector frame {O e } (Fig. 1) relative to the base frame {O b } (Fig. 1) during the door opening. Fig. 8 (b) shows the joints angle of the manipulator during the door opening. Kinematics of the manipulator were calculated as described in [19] .
V. EXPERIMENT VERIFICATION
The test system, shown in Fig. 9 , comprises a six-DOF manipulator (SCHUNK LWA3/SDH) with a two-finger end gripper. The mobile platform shown in Fig. 9 comprises two active wheels (front) and two passive wheels (rear). To obtain the visual information, the mobile manipulator uses a camera (YUSHI SIC635X36-IR), which provides 3D video information. Two six-axis F/T sensors (M3715C and M3935, Uli Electronics, Inc.) are installed at the joint of the wrist and the base of the mobile manipulator [20] , as shown in Fig. 9 . A joystick with force feedback is used for remotely operating the mobile manipulator. An API T3 (Automated Precision, Inc.) laser tracker system is used to measure the location during the experiment. The control cabinet containing the movement card is placed at the back of the mobile platform. Through the VC++ platform, software programming of the control interface can be realized.
The structure of the proposed controller scheme is illustrated in Fig. 10 . The control system is shown in terms of the composition of the PD-computed torque controller. The computed torque controller (CTC) uses a feedback linearization method. A description of the control strategy is given in [21] . The complete expression of the control law is obtained as (29):
where M (θ) is the inertia matrix of the manipulator, V θ , θ is the vector of the centrifugal force and Coriolis force, and G (θ) is the vector of gravity. In addition, K d and K p are the controller gains and are positive definite diagonal matrices, e is an error of the plant, θ r is the desired joint angular displacement in the control system, and θ is the actual joint angular displacement.
Experiments were carried out to measure the six-F/T sensor gravity compensation of the end-effector of the wrist for the force when rotating door handle and the force when pulling the door. In the normal direction, two types of experiment were carried out: (1) static and (2) dynamic process measurements. For the static measurements, the manipulator grasping the door handle is controlled and moved to an immovable position along the planned end-effector motion trajectory points (shown in Fig. 6 ) and the door motion trajectory points (shown in Fig. 8 ). During the dynamic measurements, the end effector grasps the door handle while moving along the planned door trajectory (shown in Fig. 8 ) at a different velocity to measure the damping. The most commonly used angle velocities of the door opening are 0.1, 0.12, 0.14, 0.16, and 0.18 rad/s. The tested experiment processes of the door opening are as shown in Fig. 11 . The experiment description, group number, test number, velocity load, and static position are listed in Table 1 . Experiments under the same conditions were conducted more than five times to ensure the repeatability and effectiveness of the results. Fig. 12 shows the experiment conducted for the gravity compensation of the end-effector. During the measurements, the manipulator when not grasping any object is controlled to move along the planned handle trajectory (shown in Fig. 6 ) and the door motion trajectory (shown in Fig. 6 ). Fig. 13 shows the experimental results of the end-effector gravity compensation algorithm. Define the relative error of the end-effector gravity compensation results using the algorithm of section II-A as:
A. GRAVITY COMPENSATION EXPERIMENT OF THE END-EFFECTOR
where Fdata i represents the experimental measurements and
represents the estimated values. G e is 18.2N which is the gravity of the end-effector.
The relative error is 3.8%, which has little influence on the dynamic process of the door-opening. The algorithm of the end-effector gravity compensation is verified.
B. IDENTIFICATION OF THE DYNAMIC MODEL OF DOOR HANDLE
The door handle τ k of (9) can also be expressed as (31):
In (31) and (32) F k can be captured by the method of section 2 to obtain the actual value, r k = 70 mm and d k can be captured by the API.
The steady values of the measured normal force of rotating handle and door handle angles, as well as their average values, are listed in Table 2 . The parameters are identified with the linear regression approach using the average values of F k and θ k according to (19) and (32). The identified result of the parameter is : k k = 5.04 Nm/rad. The data fitting results are shown in Fig. 14 . 
C. IDENTIFICATION OF THE DYNAMIC MODEL OF DOOR
According to the physical meaning of the torque, (18) can also be expressed as (33), and θ d in (18) can be obtained through (34).
In (33) and (34), F d can be captured using the method described in Section 2 to obtain the actual value, r d = 685 mm, and d d can be captured by the API.
In Section 3, we showed the four-link mechanism model of the door-closer indicated in Fig. 4 . In Fig. 4 , l 1 = 200 mm, l 2 = 200 mm, l 3 = 230 mm, l 4 = 250 mm, θ z0 = 0.14 rad, and θ d ∈ [0, π/3]. According to (11) , we obtained the Table 2 .
relationship between the angles of the door and the doorcloser during the pulling of the door. Fig. 15 shows the relationship. The steady values of the measured normal force of pulling the door and the door angles, as well as their average values, are listed in Table 3 . Fig. 16 shows the original experimental results and the data fitting results of the opening door torque during the quasi-static loading experiments (Group G2). The parameters are identified using the average values of F d and θ d according to (21) and (33). The identified results of the parameter are as follows: k dc = 9.32 Nm/rad, and τ s0 = 11.23 Nm.
During the dynamic loading experiments (Group G3), the parameter is identified using the average values of F d and θ d according to (22) and (33). Fig. 17 shows the data fitting results of the opening door torque during the dynamic loading experiments (Group G3). The identified result of the parameter is listed in Table 4 and is b dc = 0.25 Nms/rad.
VI. CONCLUSIONS
In this study, we investigated the modeling, parameter identification, and experimental validation of a door-opening task. The following conclusions were drawn.
(1) The force measurement strategy based on the endeffector gravity compensation algorithm during a dooropening is proposed. The maximum relative error of the experimental results of the end-effector gravity compensation algorithm is 3.8%, and the accuracy of the dynamic test data during a door-opening was guaranteed.
(2) The dynamic model of fire door with the four-bar linkage of door closer was proposed. The unknown parameters of the dynamic model can be identified according to the results of both quasi-static and dynamic experiments.
(3) Experiments using several groups were carried out, including door opening and door handle tasks. The experiment results parameter identification are k k = 5.04 Nm/rad, k dc = 9.32 Nm/rad and b dc = 0.25 Nms/rad, respectively, which were analyzed and used to validate the dynamic models and parameter identification approaches. 
